( Spinacia oleracea L.); cancer chemoprevention; antitumor promoter; immunoblotting analysis; glycoglycerolipid Recent epidemiological studies have been providing increasing evidence that a higher consumption of vegetables and fruits could be a promising measure to reduce the risk of cancer, especially that in the gastrointestinal tract. [1] [2] [3] [4] [5] These epidemiological predictions suggest that vegetables and fruits contain anticancer or antitumor-promoting components. The biofunctional components in vegetables could be good sources of low-toxicity chemopreventive agents available in our daily food supply.
Spinach ( Spinacia oleracea L., Chenopodiaceae), a vegetable cultivated worldwide, contains such nutritive components as vitamin C and iron. Some biofunctions such as antimutagenic, [6] [7] [8] antioxidant [9] [10] [11] [12] and anticancer 13) activities have been reported for spinach, but there are few reports on the biofunctional components. During our research on the useful metabolites of edible plants, we found potent antitumor promoters against tumor promoterinduced Epstein-Barr virus (EBV) activation in the hexane-soluble fraction obtained from an MeOH extract of spinach leaves. We here report two monogalactosyldiacylglycerols, tentatively called MGDG-1 and MGDG-2, which were identiˆed as antitumor promoters in spinach, and their contents in various cultivars.
Materials and Methods
General procedure. Positive FABMS data were obtained with a JEOL JMS-SX 102AQQ hybrid mass spectrometer with m-nitrobenzylalcohol as the matrix. NMR spectra were recorded in CDCl3 with a JEOL A400 FT NMR spectrometer at 400 MHz for 1 H and 100.4 MHz for 13 C. NMR chemical shifts were referenced to CDCl3 (dH 7.24 and dC 77.0). IR spectra were taken with a JASCO A-302 spectrometer.
12-O-Tetradecanoylphorbol-13-acetate (TPA), Dgalactose oxidase (D-galactose: oxygen 6-oxidoreductase, EC 1.1.3.9) and Rhizopus arrhizus lipase (triacylglycerol lipase, EC 3.1.1.3) were purchased from Sigma Chemical Co. (St. Louis, U.S.A.). Dulbecco's modiˆed Eagle's medium was purchased from ICN Biomedicals (Ohio, U.S.A.), and fetal calf serum from Boehringer Mannheim K.K. (Tokyo, Japan). The chromatographic materials used were silica gel 60 (70-230 mesh) from Nacalai Tesque (Kyoto, Japan), Sephadex LH-20 from Amersham Pharmacia Biotech (Uppsala, Sweden) and Kieselgel 60 F254 for TLC from Merck (Darmstadt, Germany).
Plant materials. Spinach for the isolation of the active components was obtained from a market in Kagawa, Japan. Seeds for 9 cultivars of spinach (cultivars A-I) were purchased from Takii Seed Co. (Kyoto, Japan) and Sakata Seed Co. (Kanagawa, Japan). These seeds were germinated in the dark at 259 C, and the seedlings were grown under ‰uorescent lamps for 7 d. These seedlings were then grown by water-culture and W or in aˆeld on our faculty farm. For water-culture, the seedlings wereˆrst cultured in a nutrient solution of the Otsuka House fertilizer series (No. 1:No. 2＝3:2; electrical conductivity of 2.4 mS W cm; pH 5.8-6.0; Otsuka Chemical Co., Osaka, Japan) for 4 d and then transplanted to a new nutrient solution adjusted to 4.8 mS W cm and pH 6.0-6.5 with the same fertilizer. The plants from both culture systems were harvested 57 d after planting.
Antitumor-promoting activity. The antitumorpromoting activity was tested by an immunoblotting analysis, using a mouse antiserum against EBV producer P3HR-1 cells. In Raji cells carrying the genome of the EBV early antigen (EA), the antiserum could detect the 48-kDa polypeptide (EBV EAdiŠuse component) induced by TPA, and an antitumor promoter, curcumin, inhibited the induced polypeptide synthesis as previously described.
14) The Raji cells were grown in Dulbecco's modiˆed Eagle's minimum essential medium supplemented with 20 mM HEPES and 10z fetal calf serum at 379 C in a CO2 (5z) incubator. The cells (2×10 5 cells W ml) were incubated in 20 ml of the medium with or without inducers (1 mM sodium n-butyrate and 65 nM TPA) and the isolated components for 48 h and then solubilized with an extraction buŠer (about 10 6 cells W 25 ml) containing 1z Tween 20, 1z sodium deoxycholate and 1 mM EDTA. The solubilized extracts (20 mg of protein) of the cells were electrophoresed on 10z polyacrylamide slab gel containing 0.1z SDS. The proteins in the gel were electrophoretically transferred to a nitrocellulose sheet, and then the sheet was immunostained with the antiserum against P3HR-1 cells (1:50 dilution), biotinylated goat anti-mouse IgG (1:500 dilution, Amersham Pharmacia Biotech) and peroxidase conjugated streptavidin (1:500 dilution, Zymed Lab., San Francisco, U.S.A.). The cytotoxicity of the isolated components was assessed by the number of viable cells measured with the trypan blue exclusion test.
Isolation of the active constituents. Fresh leaves of spinach (500 g) were extracted with MeOH (2 liters× 2) at room temperature for a week. After concentration under reduced pressure, the aqueous residue was successively partitioned with n-hexane, EtOAc and nBuOH. The n-hexane extract (3 g) was chromatographed in a silica gel column (35×2 cm i. Chemical hydrolysis of MGDG-1 and MGDG-2. MGDG-1 (20 mg) was treated with 0.1 M NaOH (1 ml) at 659 C for 2 h. After acidiˆcation with 0.1 N HCl, the reaction mixture was washed with EtOAc and concentrated under reduced pressure. The residue was hydrolyzed overnight by 1 N HCl (1 ml) at 1109 C in a sealed tube. The hydrolysate obtained was analyzed by TLC [acetone-H2O (9:1), sprayed with the naphthoresorcinol-H2SO4 reagent and heated] and HPLC [column, Gelpack GL-C611 (300×10.7 mm i.d.); mobile phase, 10 "4 M NaOH; ‰ow rate, 1.0 ml W min; detection, refractive index]. MGDG-2 was treated with the same procedure as that used for MGDG-1.
MGDG-1 (10 mg) was treated with 1 ml of 0.2z NaOMe in MeOH at room temperature for 15 min. After neutralization with AcOH at 09 C, the reaction mixture was partitioned with n-hexane. The n-hexane phase was subjected to a GLC analysis [column, HP-1 (10 m×0.1 mm i.d., 0.1 mmˆlm thickness); oven temperature, 1009 C, 59 C W min, 2409 C; carrier gas, N2, 0.5 ml W min; detection, FID]. Two peaks of almost the same peak area were detected at tR 13.4 and 17.0 min. The aqueous phase was concentrated to dryness, and the resulting residue was hydrolyzed overnight by 1 N HCl (1.5 ml) at 1209 C in a sealed tube. The hydrolysate obtained wasˆltered, and the resultingˆltrate was concentrated under reduced pressure. The residue was puriˆed by cellulose TLC [n-BuOH-AcOH-H 2 O (4:1:5)], giving galactose. The conˆguration of galactose was determined by the enzymatic reaction with D-galactose oxidase. 15) MGDG-2 was subjected to the same procedure as that used for MGDG-1. The n-hexane phase showed a single peak at tR 17.0 min in the GLC analysis, and the enzymatic reaction aŠorded the same result as that for MGDG-1.
Regioselective hydrolysis of MGDG-1 and MGDG-2. Regioselective hydrolysis at the sn-1 position of MGDG-1 was conducted according to the method of Murakami et al. 16) A suspension of R. arrhizus lipase (700 units) and Triton X-100 (2.5 ml) in a boric acid-borax buŠer (0.63 ml, pH 7.7) was added to MGDG-1 (5 mg) in a vial. After sonication, the vial was incubated at 389 C in the dark for 1 h. The reaction was stopped by the addition of AcOH (0.1 ml) and EtOH (3 ml), and the solution was evaporated to dryness. The residue was chromatographed in a silica gel column with MeOH-CHCl3 (2:98) as the solvent to give a-linolenic acid, EIMS m W z: 278 (M + ). MGDG-2 was subjected to the same procedure as that used for MGDG-1, giving a-linolenic acid, EIMS m W z: 278 (M + ).
Quantitative analysis of MGDG-1 and MGDG-2 in several cultivars of spinach. The lyophilized spinach leaves (100 mg) of each cultivar (cultivars A-I, n＝5) were extracted with 5 ml of acetone-MeOH (1:1) for 2 d. This procedure was conˆrmed to quantitatively extract MGDG-1 and MGDG-2. After centrifugation at 10,000 rpm for 10 min, the resulting supernatant was analyzed by HPLC [column, YMC-Pack Pro C18 (75×4.6 mm i.d.); mobile phase, MeOH-H2O-AcOH (98:2:1); ‰ow rate, 0.5 ml W min; detection, refractive index]. The quantity was estimated by comparing the peak area with that of a standard sample. The statistical analysis was conducted by Student's t-test on the content in each cultivar.
Results and Discussion

Isolation and identiˆcation of the antitumor promoters
Two potent antitumor promoters, MGDG-1 and MGDG-2, were isolated from fresh leaves of spinach ( Spinacia oleracea L.) as colorless oils after several chromatographic separation processes. The structures of MGDG-1 and MGDG-2 were established on the basis of 1D and 2D NMR data, and chemical and enzymatic reactions.
MGDG-2 had an ion peak at m W z 797 (M + +Na) in the FAB mass spectrum. Moreover, the stereochemistry of the anomeric carbon atom in D-galactose, the b-anomer, was deduced from DIFNOE data for MGDG-2. Irradiation of the anomeric proton H-1 (dH 4.25) caused NOE enhancement of the H-3 (dH 3.57) and H-5 (dH 3.52) signals, and irradiation of the H-3 or H-5 proton induced NOE enhancement of the H-1 and H-4 (dH 3.99) signals. In the HMBC experiment, the H-1 proton was correlated with C-sn-3, and the H-sn-3 protons were correlated with C-1. The structure of a 3-O-b-Dgalactopyranosyl-sn-glycerol moiety in MGDG-2 was therefore established.
An NaOMe treatment of MGDG-2 aŠorded a single fatty acid methyl ester that was identiˆed as methyl a-linolenate by a GLC analysis. Regioselective hydrolysis at the sn-1 position with R. arrhizus lipase 16) gave the sole fatty acid, a-linolenic acid. Furthermore, the COLOC experiment on MGDG-2 revealed correlation of the carbonyl carbon resonance for C-1? with the H-sn-1 signals and of the C-1! resonance with the H-sn-2 signal, indicating the attachment of a-linolenic acid to glycerol, not to galactose. Consequently, the structure of MGDG-2 was established as 1,2-di-O-a-linolenoyl-3-O-b-D-galactopyranosyl-sn-glycerol (Fig. 1) The presence of a 3-O-b-D-galactopyranosyl-snglycerol moiety in MGDG-1 was also conˆrmed by the methods used for MGDG-2. NaOMe treatment of MGDG-1 gave a mixture of two fatty acid methyl esters, one of which was identiˆed as methyl alinolenate. In addition, regioselective hydrolysis at the sn-1 position of MGDG-1 with R. arrhizus lipase 16) gave a single product, a-linolenic acid. These facts suggest that MGDG-1 is also a glycoglycerolipid and that the diŠerence between MGDG-1 and MGDG-2 is in the composition of fatty acids at the sn-2 position. The NMR data assignable to a fatty acid moiety at the sn-2 position in MGDG-1 are similar to those for methyl 7,10,13-hexadecatrienoate, 17) and hexadecatrienoic acid (C16:3) is equal to the loss of two CH 2 from a-linolenic acid (C 18:3 ), indicating a 7,10,13-hexadecatrienoyl group at the sn-2 position. The geometry of the double bonds, (7Z,10Z,13Z ), was conˆrmed by a comparison with the 13 C-NMR chemical shifts of the geometrically isomeric methyl 9,12,15-octadecatrienoates. 18 ) Therefore, the structure of MGDG-1 was established as (Fig. 1) . The 1 H-1 H COSY, 19) The former has also been found to have an in vivo antitumor-promoting eŠect on ICR mouse skin and anti-in‰ammatory activity on ICR mouse ears. 19) To conˆrm the antitumor-promoting activity of MGDG-1 and MGDG-2, we examined the eŠects of these components on the expression of EBV EA in Raji cells treated with inducers (TPA and sodium nbutyrate) by using an immunoblotting analysis 14) ( Fig. 2) , a useful conˆrmation test for detecting antitumor promoters. One polypeptide of 48 kDa (EBV EA) was detected in the inducer-treated cells (lane 2), but not in the untreated cells (lane 1) by the antiserum against P3HR-1 cells. The induction of EBV EA was completely inhibited by 40.2 mM MGDG-1 and 38.8 mM MGDG-2 (lanes 3 and 6, both 30 mg W ml of medium). However, the inhibitory eŠect of MGDG-2 at a concentration of 32. 5 cells W ml). A similar inhibitory eŠect of MGDG-2 on EBV activation measured by an indirect immuno‰uorescence method has previously been reported. 19) These results suggest that MGDG-1 and MGDG-2 are antitumor promoters having almost the same inhibitory activity and that the cytotoxicity of MGDG-2 is slightly higher than that of MGDG-1.
There have been some reports on various glycoglycerolipids that had antitumor-promoting activity: monogalactosyldiacylglycerols and digalactosyldiacylglycerols from the green alga, Chlorella vulgaris, 17) digalactosyldiacylglycerols from the freshwater cyanobacterium, Phormidium tenue, 20) and synthetic 1-O-acyl-3-O-(6?-O-acyl-b-D-galactopyranosyl)-sn-glycerols. 21) Furthermore, Nagatsu et al. have reported that galactosylglycerol together with monogalactosyldiacylglycerols both exhibited antitumor-promoting activity. 22) These data and reports suggest that glycoglycerolipids could play an important role in suppressing tumor promotion.
Comparison of the MGDG-1 and MGDG-2 contents among several cultivars of spinach Monogalactosyldiacylglycerols like MGDG-1 and MGDG-2 are known to be present in plant tissues, especially in chloroplast membranes, 23) although the balance of a-linolenic acid and hexadecatrienoic acid diŠers with species. 24) Spinach, a time-honored vegetable that was cultured in ancient Persia, has been actively bred for easy cultivation and mass production, suggesting that the contents and combination of MGDG-1 and MGDG-2 could vary among the cultivars, as well as depending on the culture conditions. A preliminary experiment by a TLC analysis indicated that the total amounts of MGDG-1 and MGDG-2 in spinach diŠered considerably with the cultivar, but their separation was impossible by TLC. Thus, their contents in several cultivars were estimated by an HPLC analysis. Cultivars A-D were grown both by water-culture and in aˆeld to examine the contents of these components between diŠerent culture conditions.
Figures 3(a) and 3(b) show the contents of MGDG-1 and MGDG-2 in cultivars A-G grown by water-culture, which was expected to be more uniform than that in the plants grown in theˆeld. The average content of MGDG-1 in the plants grown by water-culture varied with the cultivar from 6.1 to 17.6 mg W g dry wt ( Fig. 3(a) ); almost a 3 times diŠerence was observed between the lowest and highest values. The MGDG-1 content in cultivar A was signiˆcantly diŠerent from that in C, F and G at Pº0.01 and from that in D at Pº0.05. Furthermore, the content in cultivar G was diŠerent from that in C, D and F at Pº0.01. The average content of MGDG-2 also varied with the cultivar from 3.5 to 21.7 mg W g dry wt (Fig. 3(b) ); almost a 6 times diŠerence was observed between the lowest and highest values. The content in cultivar G was signiˆcantly diŠerent from that in A-F at Pº0.01. The content in cultivar A was diŠerent from that in B, C and F at Pº0.05, and that in cultivar E from that in F at Pº0.05. These results indicate that the contents of both components diŠer with cultivar and that the ratio of MGDG-1 to MGDG-2 is not constant among (Fig. 3(c) ). Each content in cultivars H and I was signiˆcantly diŠerent from that in A-D at Pº0.01. The content in cultivar A was diŠerent from that in C and D at Pº0.05. The average content of MGDG-2 varied with the cultivar from 0.8 to 22.7 mg W g dry wt (Fig. 3(d) ). The content in cultivar I was diŠerent from that in A at Pº0.01 and that in B and D at Pº0.05. The content in cultivar H was diŠerent from that in A, B and D at Pº0.05. Cultivars A-D grown in theˆeld each contained almost the same amount of MGDG-1 as those grown by water-culture, suggesting that the content of MGDG-1 varied mainly among the cultivars in this experiment. The content of MGDG-2, however, showed diŠerences between the plants grown by water-culture and those grown in theˆeld. The total content of MGDG-1 and MGDG-2 was compared among the cultivars, because both components showed almost the same inhibitory activity against the tumor promoter-induced EBV activation in Raji cells. The total content varied from 9.5 to 39.2 mg W g dry wt among the cultivars grown by water-culture, and from 3.3 to 38.8 mg W g dry wt among those grown in theˆeld. A ‰uctuation of the total content as well as that of each content was observed among the cultivars. These results indicate that the contents of the biofunctional components in vegetables could diŠer with cultivar.
Spinach was found in the present study to contain potent antitumor-promoters that were identiˆed as monogalactosyldiacylglycerols. This indicates that our food supply can provide possible cancer chemopreventive agents, although the contents of the biofunctional components varied considerably with the cultivar. The next step is to investigate how stable glycoglycerolipids are in the human digestive system.
